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1  Introduction 
One of the main topic of nuclear physics is to understand nuclear properties based on bare nuclear 
forces. Establishing the high-precision realistic NN potentials and performing rigorous numerical 
calculations and ab initio calculations, the importance of three-nucleon forces (3NFs) was suggested 
for various nuclear phenomena. In order to clarify the properties of 3NFs, the deuteron-nucleon 
scattering experiments have been conducted energetically at intermediate energies (E ≥ 60 
MeV/nucleon). Comparing the high-precision data with the rigorous numerical calculations in 
terms of the Faddeev equation based on the realistic nuclear potentials, the effects of 3NFs have 
been confirmed in the cross section minimum of dp elastic scattering. 
  In recent years, the importance of the isospin dependence of 3NFs has been suggested for 
understanding of asymmetric nuclear matter, e.g. neutron-rich nuclei and neutron matter 
properties. We have extended the experimental prove to four-nucleon (4N) scattering, proton-3He 
scattering, to approach the total isospin channel of T = 3/2 of 3NFs. We plan to measure the 
complete set of the p-3He elastic scattering including differential cross sections, analyzing powers 
and spin-correlation coefficients at intermediate energies. In this work, we have developed the 
polarized 3He target system and have measured 3He analyzing powers with incident energies of 70 
MeV at CYRIC, Tohoku University and 100 MeV at RCNP, Osaka University. 
 
2  Polarized 3He Target 
The polarized 3He target is based on the spin-exchange optical pumping (SEOP) method which 
utilizes spin-exchange interactions between Rb atoms and 3He nuclei. We also adopted the 
alkali-hybrid SEOP (AH-SEOP) method which uses a mixture of Rb and K. The AH-SEOP method 
takes advantage of higher spin-transfer efficiency and remains the availability of optical pumping 
for Rb atoms. The 3He target is the double-chambered cell which consists of the target and pumping 
chambers made of GE180 glass and contains 3He gas with pressure of 3 atm together with 
alkali-metals as well as N2 gas. In this work, we constructed two-target cells; the Koganei cell based 
on the SEOP method and the Ishibashi cell based on the AH-SEOP method. 
 
3  3He Polarimetry 
The absolute value of the 3He polarization at the target chamber is required to obtain the 3He 
analyzing power for p-3He elastic scattering with high precision. In this work, we used three totally 
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independent methods to evaluate the 3He polarization: adiabatic fast passage (AFP) NMR, electron 
paramagnetic resonance (EPR) of alkali metals and neutron transmission experiment. The last one 
is a breakthrough technique to directly measure the 3He polarization (see Sec. 4). 
  We measured the 3He polarization by the AFP-NMR method in combination with the EPR 
method. However, the EPR method does not measure the 3He polarization at the target chamber 
directly. Furthermore, the 3He number densities are quite uncertain due to the high-power laser for 
optical pumping. In addition, it is necessary to consider a polarization gradient which is the 
polarization difference between two chambers. Therefore, we studied the gas temperature and the 
polarization gradient based on numerical simulations to obtain the absolute value of 3He 
polarization at the target chamber. As a result, we obtained the target polarization of the Koganei 
cell with an accuracy of 3.8 % and the Ishibashi cell with accuracies of 2.4 % and 6.0 % for the 
experimental conditions at CYRIC and RCNP. The maximum 3He polarization was 30 % for the 
Koganei cell and 40 % for the Ishibashi cell, respectively. 
 
4  Measurement of the Absolute 3He Polarization at RANS 
We performed the neutron transmission measurement which offers direct measurement of the 3He 
polarization in the target chamber at RANS, RIKEN. This measurement utilizes the fact that the 
neutron transmission for 3He depends on the 3He polarization. We measured the 3He polarization of 
the target chamber directly with an accuracy of 3.7 % for the Koganei cell and 1.8 % for the 
Ishibashi cell. The obtained target polarizations have good agreements with the results from the 
numerical simulations. 
 
5  Measurement of 3He Analyzing Power 
Using the polarized 3He target we performed the measurement of 3He analyzing powers A0y for 
p-3He scattering with incident energies of 70 MeV at CYRIC and 100 MeV at RCNP. The proton 
beams bombarded the polarized 3He target and the scattered protons were detected by ∆E-E 
detectors. The detectors were set symmetrically in left and right positions of the target. During the 
course of the experiment the 3He polarization was monitored by using the AFP-NMR method. 
  We obtained the data in the wide angular range θc.m. = 46°–141° and θc.m. = 47°–149° for the 
experiments at CYRIC and RCNP, respectively. For the data at 70 MeV, statistical uncertainties 
are less than 0.02, and the systematic uncertainties are estimated to be 0.02 or less. For the data at 
100 MeV, statistical uncertainties are less than 0.04 at the forward angles (θc.m. ≤ 116°), and are 
from 0.05 to 0.08 at the backward angles (θc.m. ≥133°). The systematic uncertainties are estimated 
to be 0.02 or less except for the angle of θc.m. = 142°. 
 
6  Discussion 
The measured data of A0y were compared with the rigorous numerical 4N calculations based on the 
various nuclear potentials. Clear discrepancies which override the sensitivity of the NN 
interactions were found at around the angles where the A0y takes minimum and maximum. The 
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calculations based on the CD-Bonn+∆ potential, which provides effective three- and four-nucleon 
forces, did not explain the discrepancies. Energy-dependent study of A0y shows that the 
discrepancies between the data and the calculations based on the NN potentials are not observed at 
energies below of 30.0 MeV, and start to appear at the measured higher energies. Meanwhile, such 
discrepancies have already been seen in the cross section at 30 MeV. Thus it is expected that some 
specific components of 3NFs could be responsible for description of the A0y. For further discussions 
the theoretical calculations with 3NFs are needed. 
 
7  Summary and Conclusion 
With the aim of approaching the isospin dependence of 3NFs we plan to measure the complete set of 
the p-3He elastic scattering at intermediate energies. In this work, we have constructed the 
polarized 3He target and have measured 3He analyzing powers A0y at 70 and 100 MeV. 
  For the estimation of the 3He polarization at the target chamber we studied the gas temperature 
and the polarization gradient in the target cell based on numerical simulations. We also directly 
measured the target polarization via the neutron transmission experiment at RANS. The obtained 
target polarizations have good agreements with the results from the numerical simulations. As a 
result, the absolute values of the target polarization were determined from the neutron 
transmission experiment. 
  Using the polarized 3He target we performed the measurement of A0y with incident energies of 70 
and 100 MeV. The experimental data were compared with the theoretical predictions based on 
various nuclear potentials. Clear discrepancies were found at around the angles where the A0y 
takes minimum and maximum. This result indicates that fine components of 3NFs could be 
responsible for description of the A0y. For further discussion the calculations with 3NFs are needed. 
  Finally, we note that the obtained data are the first precise data of A0y for p-3He elastic scattering 
at intermediate energies covering the wide angular range. Our data provide very important sources 
for quantitative discussions for the 3NF effects in the future. 

















とに成功した。陽子+3He 弾性散乱の 3He の偏極分解能の測定は、70MeV および 100MeV 陽子
ビームを用いて、東北大学 CYRIC、および大阪大学 RCNP において実施された。測定は、広
い重心系角度範囲(45 度―145 度)を覆うものであった。実験結果は一部の測定角度を除き、
70MeV の測定では、大きさにして統計誤差 0.02 以下、系統誤差 0.02 以下、100 MeV の測定




本論文において渡邉跡武君は世界に先駆けて中間エネルギー陽子−3He 散乱の 3He 散乱の偏極
分解能の高精度測定を実現し，厳密理論計算との比較に耐えうる結果を得る事に成功した。 
以上， 本博士論文は渡邉跡武君が自立して研究活動を行うに必要な高度の研究能力と学識を
有することを示している。したがって，渡邉跡武君提出の博士論文を，博士（理学）の学位
論文として合格と認める。 
